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Phylogenetic shadowing:

A Novel Tool To Identify Functional

Regions in the Human Genome

Approach to the Identification of Primate-
Specific Regulatory Elements
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Phylogenetic shadowing:

: nucleotide difference with at least one species

Sequence elements under greater constraints:
candidate functional element

human

chimp
baboon

rhesus monkey

green monkey

colobus

dusky titi

spider monkey

Human      CTCCTAATGGAGAACGTA--GACTCCTGGGAATATATGCACCCTTGGCTCCCCACTGGCC
Chimp      CTCCTAATGGAGAACGTA--GACTCCTGGGAATATATGCACCCTTGGCTCCCCACTGGCC
Gorilla    CTCCTAATGGAGAACGTA--GACTCCTGGGAATAGATGCACCCTTGGCTCCCCACTGGCC
Gibbon     CTCCTAATGGAGAACGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Green      CTCCTAATGGAGAATGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Talapoin   CTCCTAATGGAGAATGTA--GACTCCTGAGAATATATGCACTCCTGGCTCCCCACTGGCC
Allen      CTCCTAATGGAGAATGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Drill      CTCCTAATGGAGAATGTG--GACTCCTGAGAATATATGCACCCCTGGGTCCCCACTGGCC
Rhesus     CTCCTAATGGAAAATGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Hanuman    CTCCTCATGGAGAACGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Proboscis  CTCCTCATGGAGAACGTA--GACTCCTGAGAATATATGCACCCCTGGCTCCCCACTGGCC
Howler     GTCCTAAGGGAGAACTTACAGACTTCCAAGAAGAGATGCACCCCTGCCTCCCCGCTGGCC
Spider     GTCCTAAGGGAGAACTTACAGACTTCCAAGAATAGATGCACCCCTGCCTCCCCGCTGGCC
Titi       GTCATAAGGGAGAACTTACAGACTTCCGACAATAGATGCGCCCCTGCCTCCCGGCTGGCC
Owl        GTCCTAAGGGAGAACTTACAGACTTCTGAGAATAGATGCACTCCTGCCTCTCCGCTGGCC
Marmoset   GTCCTAAGGGAGAACTTACAGACTTCCGAGAATAGATGCACCCCTGCCTCCCTGCCGGCC

Consensus   ** * * *** **  *   **** *    ** * **** * * **  ** *  * ****

Maximum likelihood phylogenetic shadowing

PCR-amplification and sequence of target regions from 14-17 primates species

Computation of the multiple species alignment and phylogenetic tree

Maximum likelihood calculation of variation score:

Hominoids

Old-world m.

New-world m.
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1. PROOF-OF-PRINCIPLE:

Identification of intron-exon boundaries

of 4 genes with known boundaries

2. TEST-CASE:

Identification of new regulatory

elements of a primate-specific gene

Apo B exon 19
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CETP exon 8
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LXR-a exon 3
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plasminogen exon 6
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Amplification of evolutionary

distance through multiple species

comparison successfully identifies

known functional elements
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Gibbon

Gorilla

Human

Chimp

Marmoset

OwlTiti

Howler

Spider

Hanuman

Proboscis

Allen

Green

Talapoin

Baboon Drill
Rhesus

Which primates should we sequence?

Hominoids

Old World Monkeys

New World Monkeys
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Apo-B: 6 species
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plasminogen: 7 species
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LXR-a: 6 species
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Cebuella
Callithrix
Callimico
Saguinis
Leontopithecus

Samiri
Cebus
Aotus

Callicebus
Pithecia
Chiropotes
Cacajao
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Lagothrix
Brachyteles
Ateles

Allenopithecus
Miopithecus
Erythrocebus
Chlorocebus
Cercopithecus
Macaca
Mandrillus
Cercocebus
Lophocebus
Papio
Theropithecus
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Colobus
Semnopithecus
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Trachypithecus
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Nasalis
Simias
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Rhinopithecus

Hylobates
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Gorilla
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New-world
monkeys

Old-world
monkeys

Hominoids

sequence from 4 to 6 primate

species in addition to human

is sufficient for the

identification of a large

fraction of functional elements

in the human genome

Marsupials

Old-World Monkeys

Rodents

New-World Monkeys

Lemurs

Hominoids

Cows

Pigs

Insectivores (hedgehogs,..)

Identification of regulatory elements of a
primate-specific gene: apo(a)
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apolipoprotein(a)

• Lacks a mouse ortholog

• People with high levels are at risk of
developing atherosclerosis

apo (a)

Lp(a)
LDL

apo B

apo (a) is a plasma protein
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apo(a) plasma levels are highly variable

~ 50% of apo(a) variability in levels is attributable to
the regulation of the transcription of the gene

frequency

       <1                 50              >100      mg/dl

* standard protein ~10-fold

* apo(a) vary 1000-fold
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Gel-shift assay to assess DNA-protein interactions

nuclear extract    non-conserved elements   conserved elements

DNA-protein
complex

unbound DNA

Gel-shift analysis of conserved elements in the apo(a) promoter
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Non-conserved elements
1        2       3        4        5       6        7
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conserved
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TATA   HNF-1a   EXON

sequence position (bp)

Testing the function of conserved elements

Cell culture transcription assay:

HepG2

apo(a) promoter region (1.6kb)           luciferase
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genomic sequence from multiple

primates can be used to identify

functional sequence shared by

this group of species

apo(a) is a recently evolved gene but...
Marsupials

Old-World Monkeys

Rodents

New-World Monkeys

Lemurs

Hominoids

Cows

Pigs

Insectivores (hedgehogs,..)

gene loss  OR  convergent evolution?
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Strategy to unravel the mechanism
of evolution of the apo(a) gene

Sequence the genomic region containing apo(a) and its
orthologous region in species without apo(a):

Species with apo(a):

• human: publicly available
• baboon: sequence
• hedgehog: generate BAC library and sequence

Species without apo(a):

•mouse:        sequence 
•lemur:        generate BAC library and sequence 

hedgehog plasminogen SEC 1 4 52 3

fibrin
prot

human plasminogen SEC 1 532 4
fibrin

prot

human apo(a) is a duplication of plasminogen

kringle domains
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0.1

Hs-PLG-K4

Hs-APOA-K5

Hs-APOA-K4
Hs-APOA-K3

Hs-APOA-K1Hs-APOA-K2

Hh-PLG-K4

Hh-APOA-K5

Hh-APOA-K3

Hh-APOA-K1
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Hs-PLG-K3

Hh-PLG-K3

Hedgehog apo(a) kringles

Human apo(a) kringles

FIBRIN-BINDING

S

hedgehog apo(a)

LDL

apoB

3 3 33 3 33 3

human plasminogen SEC 1 532 4
fibrin

prot

hedgehog plasminogen SEC 1 4 52 3

fibrin
prot

4
human apo(a)

S

SEC 5

LDL

apoB

4 4 4 4 4 4 4 4 X

3
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gene loss OR convergent evolution?

Independent remodeling of plasminogen:

CONVERGENT EVOLUTION

Can we detect apo(a) remnants in
species that do not express apo(a)?

hedgehog 

mouse

lemur

baboon

human

Slc22a3    Apo(a)RG-B         Apo(a)                         Plasminogen       Apo(a)RG-B   Map3k4

Slc22a3       Plasminogen                       Apo(a)

Slc22a3     Plasminogen          Map3k4

Slc22a3     Plasminogen          Map3k4

Slc22a3    Apo(a)RG-B         Apo(a)                         Plasminogen       Apo(a)RG-B   Map3k4
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apo(a) is a unique example of convergent

evolution where the same gene arose twice

through the independent duplication and

remodeling of the same paralogous gene


